I. INTRODUCTION
NAVIC is an independent regional navigation system that constitutes of seven satellites (3 in Geo-Stationary Orbit (GEO) and 4 in Geo Synchronous Transfer Orbit (GSO)) for position, velocity, navigation and timing applications [1] , [2] . The main aim of NAVIC system is to attain required accuracy and integrity parameters of standard positioning service (SPS) and restricted service (RS) for civilian users and authorized users respectively. In the user segment, NAVIC receiver receives dual frequency signals (L5-1176.45 MHz and S-2492.028 MHz) either in SPS or in RS modes along with GPS single frequency L1 (1575.42 MHz) and SatelliteBased Augmentation System (SBAS) signals [1] . The GPS Aided Geo Augmented Navigation (GAGAN) (Indian SBAS system) can provide better enhancement in the precision and non-precision approaches for Indian Flight Information Region (FIR) for civil-aviation, with the aid of NAVIC signals. The placement of NAVIC satellites at geostationary earth orbit (GEO) would facilitate to monitor the ionosphere with whole-day visibility.
As India comes under low-latitude region, ionospheric variations are highly variable in nature. In general, ionospheric differential corrections will be transmitted to SBAS user via to GEO satellite. However, substantial ionospheric gradients in between the ground station and the aircraft leads to drifting and cause integrity threat followed by striking positioning errors [3] . Several researchers have targeted the modeling of ionospheric delay by the estimation of ionospheric gradients [4] - [7] . Sudden TEC changes with latitudinal gradients at equatorial ionization anomaly crest zone for Indian low-latitude region is investigated [8] , [9] . Investigations of local-scale ionospheric spatial gradient for Japan region are carried out using the GEONET data during equinox and solstice [3] . Monitoring the local measures of ionospheric gradients with seasonal changes is necessary to understand the ionospheric morphological characteristics.
Ionospheric storms represent large scale ionospheric gradients in response to geomagnetic storms. The physical phenomenon of geomagnetic storms is due to the penetration of electric fields, disturbance dynamo effects, disturbed thermospheric neutral winds. Besides, in the case of extended storm time traveling atmospheric disturbances have been reported [10] . Performance evaluation of ionospheric models under geomagnetic storm conditions for lowlatitude Indian region is carried out [11] . A detailed study is established for the mid-latitudes reporting the steepest ionospheric density gradient under geomagnetic storms for solar maximum-minimum years [12] . The impact of ionospheric temporal gradients characterizing the effect of geomagnetic storms on ambiguity resolution for high-latitude regions is foreseen [13] .
The Global Navigation Satellite System (GNSS) signal propagation through ionosphere experiences the propagation delays. The ionospheric delays are frequency dependent due to dispersive nature of ionosphere medium. The estimation of ionospheric propagation delays for single frequency receivers is quite challenging task. The positional accuracy of single frequency GNSS user exceeds sometimes more than 100 m due to variations in ionosphere. The rate of change of ionospheric gradients is in the order of tens of meters in shorter time-period [3] . The conventional models such as Klobuchar and NeQuick compensated the ionospheric propagation delays up to reasonable scale only [14] , [5] .
GNSS community recognized more potential benefits for S-band for the future navigation services. It is evident that with equivalent bandwidths the dual frequency ionospheric corrections given by L+S signals are more accurate than L+L bands [15] . One of the advantages for S-band is the ionospheric corrections by classical dual frequency approximation techniques and through single frequency techniques obtained nearly equal due to higher central frequency [15] . The noticeable advantage in the context of ionospheric corrections is smaller scintillations in S-band than L-band. The lower ionospheric delay from NAVIC S-band signals pave a way to study the ionospheric gradient effects in detail for lowlatitude region. It is also reported that for South Asian regions the ionospheric gradient effects are dominant in ionospheric delay estimation [16] .
Most of airborne GNSS receivers operate through single frequency GNSS measurements to cater the navigation requirements for Ground Based Augmentation System (GBAS) and Space Based Augmentation System (SBAS) applications. The code and carrier pseudo range measurements of GPS L1 frequency can be used to derive ionospheric TEC and associated latitude and longitudinal ionospheric gradients [5] .
Mayer et al. [5] observed the maximum E-W gradient of 0.8 TECU/deg and N-S gradient of 0.2 TECU/deg at Bandung, Indonesia on 2 nd January 2016. Yoshihara et al. [3] confirm the larger ionospheric gradients during summer (Maximum S-N: 29.86 mm/km) and followed by autumn (Maximum S-N: 24.63 mm/km). The ionospheric gradients are less during winter as compared to summer and autumn. Mayer et al. [5] proposed a detailed estimation of local ionospheric model based RLS method for single frequency GNSS users. Investigation on ionospheric gradients in the context of local area augmented systems (LAAS) for low-latitude regions is carried out [17] . Also, a local ionosphere gradient model is implemented for triple frequency GALILEO/GPS receiver (E5a/E5b/L5) signal delay estimation calculating VTEC gradients [16] . New NAVIC L5 and S-band signals provides an opportunity to monitor the ionosphere.
The NAVIC receiver situated at K L University, Guntur, India is at Low-latitude region that comes under Equatorial Ionization Anomaly (EIA) crest zone that is more prone to variations of ionospheric gradients with solar activity. It is evident that as signal frequency increases ionosphere delay decreases. In this paper, the highest frequency signal S-band is chosen for the analysis of ionospheric gradients. The ionospheric delays are used to calculate TEC values. Subsequently, the RLS model is implemented for estimating ionospheric TEC and ionospheric gradients as proposed by Mayer et al. [5] .
This paper is organized as follows 1) Mathematical formulation of weighted and recursive least squares technique. 2) TEC data results of seasonal (Equinox and Solstice) and a geomagnetic disturbed day conditions with E-W and N-S gradient variations. 3) Proposed algorithm is validated by a Chi-square test, the correlation between modeled TEC and measured TEC values are included. 4) The annual E-W and N-S spatial ionospheric gradient statistics are clearly shown.
II. APPROXIMATION OF LOCAL IONOSPHERE
TEC is a measure of the number of electrons encountered in the path of radio waves transmitted from each satellite to the user. TEC depends on several functional variables that diverges with geographic and geomagnetic effects [14] and it claims a direct impact on ionospheric delay with a good first order approximation by
Equation (1) gives the I , the Ionospheric delay (m) at frequency f (Hz) and TEC(el/m2) is the total electron count. The ionospheric delay also possesses higher order terms those depends on interaction of ionosphere with earth's magnetic field that effects slant TEC. These higher order effects can influence the accuracy of positioning system from millimeter VOLUME 6, 2018 level to centimeter based on satellite orbit parameters and angle between the geomagnetic field line and radio wave propagation direction [18] . In this paper, first order is considered for investigating large scale ionospheric gradients.
In general, ionospheric delay is processed from the Receiver Independent Exchange Format (RINEX) pseudorange and carrier phase data and its formulation differs for dual and single frequency satellite navigation system receivers. To eliminate the slant effects from ionospheric delay on signal propagation there is a need to convert slant TEC to vertical TEC (VTEC) using a mapping function [7] .
Equation (2) gives the vertical ionospheric delay I v (x1, x2), obtained from slant ionospheric delay I s using a mapping function MF (elev) as given in (3) that depends on elevation angle of satellite.
Where MF (elev) is defined as,
elev Elevation angle of each satellite (radians) R E Radius of Earth (6371 km) H I Height of single-layered Ionosphere (400 km) The vertical ionospheric delay can be represented as,
The temporal and spatial gradient components of the vertical ionospheric delay is framed into a linear polynomial at the receiver as shown in (4), modeled by a 0 (calculates the absolute ionization at the point of interest), a 1 (longitudinal gradient information (E-W)), a 2 (latitudinal gradient information (N-S)).
The differential coordinates (x1, x2) depend on lon, T , latrespectively as given in (5),
(x1, x2)are the differential coordinates those depends on lon, T , latrespectively. lon is the difference between Ionospheric pierce point (IPP) longitude and user longitude (radians)
T is the time resolution /cadence (1 sec) lat is the difference between IPP latitude and user latitude (radians)
Longitudinal gradients (E-W) shows the local-time changes due to earth's rotation. Latitudinal gradients (N-S) represent TEC variations in the south to north direction [7] , [9] .
III. IMPLEMENTATION OF RECURSIVE LEAST SQUARES (RLS) FOR GRADIENT ESTIMATION
Ionospheric gradient analysis for NAVIC S-band signal is carried out using the RLS technique.
A. STEPS FOR PERFORMING THE RLS ALGORITHM 1) PARAMETERIZATION OF VERTICAL IONOSPHERIC DELAY
1) The elevation and azimuthal angles for each satellite is calculated. 2) Conversion of slant ionospheric delay to vertical ionospheric delay using a mapping function as given in (3).
3) The ionospheric pierce points (IPP) are computed for solving (x1, x2)as given in (5).
2) ESTIMATION OF INITIAL GRADIENTS
1) At the initial time, solution is given by weighted least squares mechanism [5] . 2) Equation (6) frames the weight matrix based on the variance of ionospheric delay for all visible satellites at that instant of time.
The eye(n) is the identity matrix for n visible satellites, W I denotes the weight matrix for NAVIC with σ 2
as its estimated variance.
3) Substituting the weight matrix in least squares minimization, the initial latitudinal and longitudinal ionospheric gradients can be observed as given in (7).
Z gives the initial gradient information a 0 a 1 a 2 , X defines the latitudinal and longitudinal differences with respect to IPP and receiver as given by 1 x 1 x 2 , as given in (5), W is the weight matrix and B is the vertical ionospheric delay of the visible satellites at that initial start time.
3) IMPLEMENTATION OF THE RLS ALGORITHM
1) The difference of IPP location and VTEC values are given as input to the RLS algorithm. 2) The initial solution Z is fed into the recursive least squares algorithm and initial covariance is chosen as higher value for better convergence, P (0) = eye(n) * 100 * σ 2 b [19] . 3) Initial ionospheric gradients from weighted least square solution is Z (0) and the initial Covariance value is P (0) [19] . 4) For each time instant, i=1,2,3. . . . . . N, compute (8) to (12) as given below,
The vertical ionospheric delay can be estimated as,
Where, Z gives the absolute TEC (a 0 ), E-W (a 1 ) and N-S (a 2 ) gradients, N is the length of data record, K is the gain factor, P is the covariance, λ is the weighting factor that ranges from 0 to 1, G is the innovation sequence, Bgives the estimated vertical ionospheric delay. Here, time step of (i) can be changed according to the required cadence from the RLS algorithm.
The Chi-square test is conducted between the obtained RLS model and measured Ionospheric delays as shown in (13) and (14) . Chi-square test is conducted to test the correctness in delay estimation given by the model. The ChiSquare test is a reliable indicator to check the consistency of the model and is calculated as shown below [20] .
Measured delay i (13)
Where, χ 2 is the relative Chi-Square value, k is number of satellites for each epoch, the six NAVIC satellites are in visibility for all the epochs i.e., k=6. The chi2cdf is a ChiSquare cumulative distributive function for the corresponding degrees of freedom dof , γ is the Chi-Square to the degrees of freedom parameter. The degrees of freedom in Chi-Square test are the number of IPP's used to model the Recursive Least squares algorithm minus the number of parameters [20] , i.e., (6-3=3) for this model.
IV. TEST CASE VALIDATION
The validation for the model is given by excluding one satellite IPP ionospheric delays data. The excluded IPP ionospheric delays will be used as test case for validation. The excluded IPP delays do not participate in RLS model.
The NAVIC I02 satellite from the Recursive Least Squares Model will be excluded for the test case validation. The gradient estimation from the algorithm is executed for respective five satellites only (I03, I04, I05, I06, I07). Now using the estimated gradients, VTEC for I02 NAVIC satellite (measured I02 NAVIC satellite TEC) is calculated as shown in Equation (15) .
The estimated VTEC of I02 satellite is given by
Where, B (i) I 02 is the model I02 NAVIC satellite TEC, X (i) I 02 is the IPP matrix for I02 NAVIC satellite, Z (i) is the coefficients matrix (a 0 , a 1 , a 2 ) obtained from RLS model excluding I02 satellite. The model NAVIC I02 TEC and measured NAVIC I02 TEC with the residual error has been included in the analysis for proper validation for all equinox, solstice and geomagnetic disturbed periods.
V. RESULTS AND DISCUSSIONS
The processed data is from a NAVIC receiver manufactured by Accord Systems Inc. and placed at 16.23 The developed algorithm has been tested for single station and single-frequency S-band signal data recorded with TEC cadence of 1Hz with directive gradients (E-W and N-S) for different seasonal and geomagnetic conditions. Satellite and receiver hardware biases are already compensated in the NAVIC receiver. At present, only six satellites are placed in the orbit and their sky-view can be seen from A sudden sharp variation of 2 TECU/deg in the E-W gradient was observed at 20-21 hours IST (Indian Standard Time) (UTC + 5.30 hrs.) due to plasma bubble, drifted in east ward direction. The corresponding Chi-Square test result confirms the ionospheric anomaly presence due to equatorial plasma bubbles (Fig.2) . Buhari et al. [21] found that equatorial plasma bubbles (PBB) structures rising one after other at post-sunset time. Kumar [22] also confirmed the occurrences of plasma bubble structures at the time of Equinox for Indian sectors at post-sunset and post-midnight hours based on the TEC and Rate of TEC Index (ROTI) values. The TEC and ROTI result for the Equinox days are presented in Fig.3 . ROTI values reached to 1.652 TECU/min on 22 nd September 2016, at post-sunset hours. The ROTI values at that time are more than eight times the standard deviation line. It is a clear indication of sudden disturbance due to equatorial plasma bubble. The similar investigations can be seen from elsewhere [21] , [22] . Fig.2 (Fig.4, second panel) .
Maximum and minimum TEC values with [Max-37.6 TECU, Min-3.68 TECU] are noticed on the day of solstice i.e., 21 st December 2016. The maximum ionospheric E-W gradient is noticed as 1.06 TECU/deg whereas, the maximum N-S gradient is observed as 4.88 TECU/deg on day of solstice.
The maximum N-S gradient and E-W gradient are observed during autumn equinox (September) period as 5.19 TECU/deg and 2.13 TECU/deg respectively (Fig.2) . It is reported that the N-S ionospheric gradient variations are more as compared to E-W ionospheric gradients over Japan [3] . The larger N-S ionospheric gradients are resulted due to Equatorial Ionization Anomaly (EIA) phenomena whereas E-W ionospheric gradients represent the daily variations [3] . It is also noticed that seasonal ionospheric gradients magnitudes are more in autumn equinox as compared to winter solstice period from Fig.2 and Fig.4 .
C. GEOMAGNETIC DISTURBED TEC DATA
A real-time Dst index provided by WDC for Geomagnetism, Kyoto is considered to figure out the disturbed day from a set of quiet days (Fig.5, Top panel) (Fig.5) . From the Fig.5 , second panel, the hourly Chi-square values for model and measured NAVIC satellite delays are less than one depicts the model consistent behavior. Fig.6 depicts that that model TEC and measured TEC for I02 satellite following the same pattern. The residual errors are in the ranges of (−2 to 10) TECU for September equinox as shown in Fig.6 (bottom panel) . On 22 nd September 2016 there is an excess of 7 TECU between measured and model I02 TEC that is clearly noticed from Fig.6 (bottom panel) . The maximum residual reached to 10 TECU for the respective hour of 15:00 IST on 22 nd September 2016. If the VTEC residual is converted to ionospheric delay using (1), it will be 0.649 meters. This concludes that in worst-case scenario the estimation error from the model can reach up to 0.649 meters. Julien et al. [16] estimated ionospheric delay through ionospheric gradients VTEC model and observed large estimation error that reached to 5 meters for locations at Asian region (Beijing and Shanghai). These residual errors are due to non-linear VTEC behaviors that include Equatorial Ionization Anomaly effects. Even improvements are possible in the model accuracy by proper time-stepping in estimating initial gradients and for recursive filtering procedure [5] . Fig.7 (top panel) shows that the hourly model TEC and measured TEC for I02 satellite are reliable to each other that showcase the model accuracy. The residual errors are in acceptable range of (−3 to 8) TECU for December solstice as shown in Fig.7 (bottom panel) . VOLUME 6, 2018 A less deviation is observed between model and measured TEC values for NAVIC I02 satellite during geomagnetic storm conditions (Fig.8 (top panel)) . Fig.8 , bottom panel represents the residual error is in the ranges of (−4 to 9) TECU for the geomagnetic disturbed period. The validation result indicates that the RLS model can perform well during quiet and disturbed condition. However, sometimes RLS model overestimated the TEC under geomagnetic storm conditions. Fig.11 and Fig.12 gives the 3-dimensional histogram with X-axis as E-W gradient and Y-axis as N-S gradient and Z-axis is the percentage of occurrence of ionospheric gradients. The bin edges for E-W and N-S gradients are chosen as −5 to 5 TECU/deg based on the maximum and minimum gradient value. The percentage count of spatial ionospheric gradients that fall on both E-W and N-S gradient bin is given as occurrence percentage. It is evident from Fig.11 , that the E-W and N-S gradients have a periodic gradient structure from June solstice to November month. These occurrences increased gradually from June, July, August months and reached maximum at September Equinox month. Then a gradual decrease in occurrence percentage is seen in October and November month. Yoshihara et al. [3] also observed the similar findings that the gradients have seasonal impact and are high on equinox compared to solstice.
The wave (or) period of gradients occupied at NorthEast direction on June month with low percentage of occurrences with monthly maximum in E-W and N-S gradients of 0.77 TECU/deg and 3.3 TECU/deg respectively. It reached to a highest occurrence percentage on August and September months. The monthly maximum in E-W and N-S gradients as 1.95 TECU/deg and 4.93 TECU/deg are observed for September month. In the month of October there is a decrease in occurrence number, the driving of gradients is towards North-West direction (Fig.11) . The November month result gave an unclear percentage occurrence of ionospheric gradients due to limited data (Fig.11) .
The percentage of occurrence of spatial ionospheric gradients is high in the December solstice month with respective monthly maximum E-W and N-S gradients as 1.1 TECU/deg and 4.15 TECU/deg (Fig.12) . It may be due to increase in day time electron density contributed by winter anomaly at northern low-latitude region [23] . In general, there should be high gradient formations in March equinox. Because of only few days of data availability in the month (Fig.10 ), the RLS model could not be able to capture the exact occurrence percentage of gradients. In the month of May, there is sudden increase in percentage of occurrence reaching monthly maximum of 1.4 TECU/deg and 3.8 TECU/deg in E-W and N-S gradients respectively. This increment is due to geomagnetic storm taken place on 28 th May 2017, also clearly seen from Fig.5 . It is concluded that ionospheric gradients are seasonal dependent, and their impact is countable at equinox months and the formation of gradients at low-latitude are higher at winter solstice than in summer solstice due to winter anomaly effect [23] .
VI. CONCLUSION
Longitudinal and latitudinal ionospheric gradient analysis for NAVIC S-band signal is carried using the recursive least squares technique for a low-latitude Indian NAVIC station. RLS is a powerful mathematical tool to obtain an iterative estimation with a better convergence. The results indicate that TEC spatial ionospheric gradients are more at Autumn equinox times as compared to December solstice. We have detected an equatorial plasma bubble (PBB) structure growing in east ward direction during post sunset hours on 22 nd September 2016. During the geomagnetic storm day, a sudden change from 1.4 TECU/deg to −1.4 TECU/deg in E-W gradient is observed at 13.30 hrs. IST. It is noticed that the magnitudes of N-S gradients are much higher as compared with E-W gradients. The statistical analysis of annual spatial ionospheric gradients showcases higher impact on low-latitude ionospheric radio wave propagation. The occurrence of the spatial gradients depends on season, location, geomagnetic disturbance conditions and winter anomaly effects. The present study reveals that the S band signals can be considered as a strong contender for single frequency ionospheric corrections in NAVIC receivers. The RLS algorithm performed well in detecting the EIA and for plasma bubbles detection. The preliminary results and analysis would be useful to investigate impact of S-band signals on proper ionospheric gradient estimation, thereby enhancing positional accuracy.
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